The equations for the magnon pairing theory of high-temperature copper-oxide-based superconductors are solved and used to calculate several properties, leading to results for specific heat and critical magnetic fields consistent with experimental results. In addition, the theory suggests an explanation of why there are two sets of transition temperatures (T, -90 K and Tc 55 K) for the YBa2Cu306+, class of superconductors. It also provides an explanation of why La2zSr.CuO4 is a superconductor for only a small range of x (and suggests an experiment to independently test the theory). These results provide support for the magnon pairing theory of high-temperature superconductors. On the basis of the theory, some suggestions are made for improving these materials.
La2zSr.CuO4 is a superconductor for only a small range of x (and suggests an experiment to independently test the theory). These results provide support for the magnon pairing theory of high-temperature superconductors. On the basis of the theory, some suggestions are made for improving these materials.
We recently proposed the magnon pairing mechanism (1) to explain the high-temperature superconductivity in ceramic copper oxide superconductors (2) (3) (4) . This model was derived from the results of generalized valence bond (GVB) calculations (5) and was used to predict some qualitative features of these systems. With the magnon pairing mechanism (1) we have now calculated several properties of the superconducting phase. The results on specific heat, critical magnetic fields, Hall effect, penetration depth, coherence length, and dependence upon doping generally agree with experiment and, in some cases, explain rather puzzling results. Several predictions are made that could be tested with further experiments.
REVIEW OF THE MODEL
The GVB calculations (5) indicate that the La2-_Sr.CulO4, YBa2CU306+., and Tl2Ba2Can1lCuO2,+4 classes of superconductor oxides (2) (3) (4) (ii) The spins of adjacent d orbitals are coupled antiferromagnetically (by means of the intervening oxygen) with a Heisenberg coupling term, Jdd, ranging from -100 K to -250 K (depending on the system).
(iii) Oxidation of the system beyond cupric (Cu"l) leads not to Cu"l' but rather to holes localized in the pir (nonbonding) orbitals of oxygens (02-O-). These pir orbitals are localized in the plane containing the short Cu-O bonds to the adjacent copper.
(iv) The migration of an oxygen hole from one site to another leads to energy bands with a reasonably high density of states (No 1.2 states per eV per sheet of Cu) and to high electrical conductivity.
(v) The magnetic coupling of the singly occupied oxygen orbital (the hole) with the two adjacent copper atoms is ferromagnetic, with a Heisenberg coupling term of Jocu = +330 to +400 K (depending on the system). This leads to ferromagnetic coupling of the spins of the two Cu atoms, despite the antiferromagnetic Jdd. Because of the more positive oxygen, the value ofJ d for the Cu atoms adjacent to the hole is about 30% smaller than Jdd.
A qualitative view of the magnon pairing model of superconductivity is as follows. Adjacent Cu spins have a tendency to be opposite when separated by a normal 02-but tend to repolarize parallel (ferromagnetic) when separated by an oxygen hole (O-). As the conduction electron (0-hole) moves from site to site, it tends to leave behind a wake where adjacent copper spins are ferromagnetically paired. As a second conduction electron is scattered, it is favorable to be scattered into the wake of the first electron, since there is already ferromagnetic polarization of the copper spins, leading to a favorable interaction. The net result is an attractive interaction between conduction electrons which leads to superconductivity. In the next section we outline the approach used to calculate the quantitative aspects of superconductivity.
THE SUPERCONDUCTING STATE Interaction Potential. For a two-dimensional CuO sheet with Cu-Cu distances of a and b in the x and y directions, the lowest-order interaction between two Opir holes is given by Vk-jkVkT1-kj = -P(Q)W. [1] where W = J2d/AE,
and Q = k -k. In deriving Eq. 1, we use the random phase approximation for the Cu spins and write the average excitation energy for a Cu spin-flip as AE = 8T3IJddl. Here T is related to the average spin correlation between adjacent sites
(1), and f3 = (Jdd + Jdd)/2Jdd 0.85 accounts for the decrease in lJddl when the neighboring oxygen is 0-rather than 02-.
Coupling the (k, -k) pair into a triplet state leads to an attractive net interaction potential of [2] where Q' = k + k. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" The average spin correlation of adjacent Cu spins, T, is difficult to calculate because of the dynamic nature of the coupling between the oxygen and copper spins. Given all other parameters, the value of 7 needed for Eq. 5 to yield Tc = 93 K for Y1Ba2Cu307 is 0.0167. Using X = 0.0167 for Lal.85SrO.15CuO4 would lead to Tc = 32.6 K, in reasonable agreement with the observed Tc = 37 K. This close agreemept provides support for the overall magnon pairing mechanism; however, in the balance of this paper we will use the value X = 0.0159 for La2-xSrxCuO4 (but will assume Tto be independent ofx), adjusted to yield Tc = 37 K at x = 0.15 (x, 0.10, see below). In general, for Bi-, Tl-, and Pb-containing materials (6), (AO)mM2Ca-_lCunO2n+2, the n = 1 case leads to six-coordi- K. We calculated only the n = 2 case but presume the results to be relevant for n -2.
Using the calculated parameters (Jdd, Jocu, No, 3) for the Tl-2 layer system and assuming other parameters estimated as for YjBa2Cu307 (xs = 0.25, X = 0.0167) leads to T, = 160 K for Tl-2. This is in reasonable agreement with experiment, providing additional support for the magnon pairing model. We believe that the fluctuations in Tc for these Tl-n systems are due to variations in x, and suggest that xs = 0.25 (the same value as for 1-2-3) would yield Tc -160 K for Tl-n (with n 2 2). The highest observed Tc of 122 K suggests xs = 0.18 for the Tl-n systems (n 2 2).
Dependence on Doping. The observation that the Y1Ba2Cu3O6+x system tends to have either a high Tc around 93 K or a lower Tc around 60 K we associate with the special stabilization of xs = 0.25 for x near 1 (because holes in the oxygen chain cannot get closer than alternate sites) and x5 = 0.125 for x near 0.5 (again related to the capacity for chains to carry holes). Assuming all calculated parameters except xs (and hence X) are unchanged, the theory predicts Tc 45 K for xs = 0.125, while Tc = 93 K for xs = 0.25.
2-1-4 systems. In Fig. 2 (solid line) we show how the predicted Tc varies with xs for the 2-1-4 system. These results are in agreement with experiment for x < 0.1 but not for higher values. However, as predicted earlier (5) the holes are on the apex oxygens rather than the sheet oxygens. At atmospheric pressure, oxygen vacancies are observed for x > 0.15. We suggest that this is because a high concentration of holes on the apex oxygens favors oxygen vacancy formation.
In Fig. 2 (broken line) we show the Tc predicted from magnon pairing theory, assuming that xs = x for x < 0.06, xs = 0 for x 2 0.34, with xs/x varying linearly between these limits (assuming no vacancy formation). This approximates the variation of xs with x expected if IPa = IPs at x = 0.17 (calculated crossing point at x = 0.13). As indicated in Fig. 2 , the predictions are in good agreement with experiment (8), explaining the experimental results that T-0 K for x < 0.06 and for x > 0. 3 . These predictions could be tested independently by measuring the number of holes (xs) contributing to the Hall current as a function of x. This is a difficult experiment because apex holes also contribute to the normal conductivity for the 2-1-4 system. Specific Heat. We calculated the electronic specific heat for the 2-1-4 system and found a change at T, of (ACs/TJ) = Critical Magnetic Fields. Above the critical magnetic field, Hc, the free energy of the normal state is lower than that of the superconducting state (because of the Meissner effect). Assuming a magnetic field in the c direction (perpendicular to the Cu--O sheet), we calculated Hc as a function of T. For the 1-2-3 system these calculations lead to HR(O) = 0.74
T and (dHC2Ild)T = -0.80 T/K (where T denotes tesla).
To compare with experiment, it is necessary to estimate the magnetic penetration length XL and the coherence length 6 . Using the London formula AL = (m*C2/4l7rse2)l/2, the calculated effective mass (m*/me = 1.9 for 2-1-4) and assuming n. to be the number of 0 holes in the sheets, we obtain XL = 1400 A from 1-2-3 (xs = 0.25) and XL = 2200 A for 2-1-4 (x, = 0.10). To obtain the coherence length I, we used the calculated HA(0), the above value for XL, and the Ginzburg-Landau relation for HJ(O) = 4o/(27rN/2 fX). The 
